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Abstract
Monocarboxylate transporter 8 (MCT8) is a well-established thyroid hormone (TH) transporter. In humans, MCT8 mutations
result in changes in circulating TH concentrations and X-linked severe global neurodevelopmental delay. MCT8 is expressed
in the human placenta throughout gestation, with increased expression in trophoblast cells from growth-restricted
pregnancies. We postulate that MCT8 plays an important role in placental development and transplacental TH transport. We
investigated the effect of altering MCT8 expression in human trophoblast in vitro and in a Mct8 knockout mouse model.
Silencing of endogenous MCT8 reduced T3 uptake into human extravillous trophoblast-like cells (SGHPL-4; 40%, P,0.05)
and primary cytotrophoblast (15%, P,0.05). MCT8 over-expression transiently increased T3 uptake (SGHPL-4:30%, P,0.05;
cytotrophoblast: 15%, P,0.05). Silencing MCT8 did not significantly affect SGHPL-4 invasion, but with MCT8 over-expression
T3 treatment promoted invasion compared with no T3 (3.3-fold; P,0.05). Furthermore, MCT8 silencing increased
cytotrophoblast viability (,20%, P,0.05) and MCT8 over-expression reduced cytotrophoblast viability independently of T3
(,20%, P,0.05). In vivo, Mct8 knockout reduced fetal:placental weight ratios compared with wild-type controls at
gestational day 18 (25%, P,0.05) but absolute fetal and placental weights were not significantly different. The volume
fraction of the labyrinthine zone of the placenta, which facilitates maternal-fetal exchange, was reduced in Mct8 knockout
placentae (10%, P,0.05). However, there was no effect on mouse placental cell proliferation in vivo. We conclude that MCT8
makes a significant contribution to T3 uptake into human trophoblast cells and has a role in modulating human trophoblast
cell invasion and viability. In mice, Mct8 knockout has subtle effects upon fetoplacental growth and does not significantly
affect placental cell viability probably due to compensatory mechanisms in vivo.
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Introduction
The importance of maternal thyroid hormone (TH) availability
to normal fetoplacental development is highlighted by the
association of untreated maternal thyroid dysfunction with
pregnancy complications, including miscarriage, pre-eclampsia,
intrauterine growth restriction (IUGR) and stillbirth [1,2,3,4].
These complications are often characterized by malplacentation or
uteroplacental insufficiency. Such associations are therefore
postulated to occur through the direct effects of maternal TH
upon placental development, as well as through alterations in the
transplacental passage of TH from the mother to the fetus.
The human placenta is thought to be TH-responsive [5], as
evidenced by the expression of the full complement of proteins that
are required to mediate TH action from early gestation onwards.
The entry of maternal TH into trophoblast, as well as its passage
across the placenta to the developing fetus, is facilitated by several
plasma membrane proteins that can transport THs, including the
monocarboxylate transporter 8 (MCT8) [6,7]. From early
gestation the human placenta also expresses TH receptor isoforms
(TRa1, TRb1), which are nuclear transcription factors that can
bind to the active TH ligand, tri-iodothyronine (T3), to regulate
transcription of TH-responsive genes [8,9]. Furthermore the
human placenta demonstrates pre-receptor regulation by deiodi-
nase enzymes type 2 (D2; converts thyroxine [T4] to T3) and type
3 (D3; inactivates T4 and T3) [10] with the latter playing a critical
role in regulating the transplacental passage of TH [11].
The SLC16A2 gene located on the X chromosome encodes the
MCT8 protein, a 63 kDa transmembrane protein, which is a well-
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established TH transporter. Injection of rat Mct8 mRNA into
Xenopus oocytes resulted in a 10-fold increase in T4 and T3 uptake
[12], whilst the transfection of human MCT8 cDNA into COS1
and JEG3 cells, which have little or no endogenous MCT8, more
than doubled the uptake of T3 [13]. MCT8 has a broad tissue
distribution, with the placenta being one of the tissues showing a
relative abundance of MCT8 expression [14,15]. There has been
much interest in this gene since the discovery that human MCT8
mutations result in X-linked severe global neurodevelopmental
delay associated with low circulating T4, high T3 and normal or
slightly elevated thyroid stimulating hormone (TSH)
[16,17,18,19]. Although it is widely believed that impairments in
MCT8 function within the fetal brain, liver and other organs result
in this phenotype [20], it is still unknown if disrupted transpla-
cental passage of TH or impaired placental development also
contribute to the phenotype.
Recently, two genotypically different Mct8 knockout mice
models have been developed [21,22]. Both models demonstrate
changes in serum TH concentrations similar to that observed in
patients affected by MCT8 mutations. Unlike human patients,
Mct8 knockout mice do not exhibit any overt neurodevelopmental
disorders nor a decline in postnatal growth. There is also no
difference in fertility or reproductive function. However, the effect
of Mct8 deficiency on fetoplacental growth and development has
not been investigated so far.
We have previously reported that MCT8 is expressed in the
human placenta from six weeks of gestation with increased
expression with advancing gestational age [6,23]. Within the
human placenta MCT8 protein is localized to villous cytotropho-
blast, syncytiotrophoblast (a layer formed by differentiating
cytotrophoblast cells fusing together that constitutes the primary
physical barrier that controls transplacental transport) and
extravillous trophoblast (EVT; cells that invade into the decid-
ualized maternal endometrium and spiral arteries to facilitate
adequate maternal blood supply into the placental bed) [23].
MCT8 protein expression in the human placenta, and specifically
in primary villous cytotrophoblast, is significantly increased in
pregnancies complicated by IUGR compared with gestationally-
matched appropriately grown controls [6,23,24]. In vitro experi-
ments have demonstrated that T3 increases the invasive potential
of primary EVT [25] and suppresses their apoptosis [26], and
could promote epidermal growth factor production by first
trimester placental explants [27].
We hypothesized that MCT8 could influence placental devel-
opment by regulating TH uptake and hence the intracellular
availability of T3, which alters human trophoblast cell function
and viability. To investigate this hypothesis, MCT8 expression was
silenced or over-expressed in two human trophoblast cell types:
EVT and cytotrophoblast cells. In addition, the Mct8 knockout
mouse model was used to investigate the role of MCT8 in
fetoplacental growth and placental morphology in vivo.
Materials and Methods
In vitro Experiments
Ethical approval. Human samples were collected with
informed written consent and with the approval of the South
Birmingham research ethics committee and the Research and
Development office of the Birmingham Women’s NHS Founda-
tion Trust according to the Declaration of Helsinki.
Sample collection. Human placentae from uncomplicated
pregnancies were collected following elective pregnancy termina-
tion (n= 5; 11 weeks of gestation) or elective caesarean section
(n= 13; median gestational age 39 weeks, range 38+3–39+2). The
fetuses were not known to have abnormal karyotypes and none of
the pregnancies was complicated by thyroid disorders.
Cell isolation and culture. To investigate the role of MCT8
in EVT, primary EVT cells were isolated from first trimester
human placentae, as described previously [28] and cultured on a
thin layer of growth factor-reduced MatrigelH matrix (BD
Biosciences, Erembodegem, Belgium). Primary EVT cells were
used for initial experiments. Due to the limited cell numbers
obtainable from first trimester placenta, a cell line derived from
primary EVT, SGHPL-4 [29], was used for further studies. The
role of MCT8 in villous cytotrophoblast cells was investigated
using primary cytotrophoblast cells isolated from human term
placentae, as described previously [8,24,30,31]. All media were
Figure 1. T3 uptake by SGHPL-4 cells following MCT8 silencing (A) or MCT8 over-expression (B). SGHPL-4 cells were incubated for 0 to
30 minutes with [125I]-T3. The amount of intracellular radioactivity was quantified and expressed as a percentage of the total radioactivity added.
Points represent average of three experiments 6SEM. Within each experiment, each condition was performed in duplicate. Statistically significant
differences are indicated by a(control siRNA vs MCT8 siRNA) b(VO vs MCT8), c(VO vs MCT8+ CRYM), d(MCT8+ CRYM vs CRYM) and e(MCT8 vs MCT8+
CRYM); *P,0.05, **P,0.01 and ***P,0.001.
doi:10.1371/journal.pone.0065402.g001
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supplemented with either 10% (v/v) fetal calf serum (FCS;
Invitrogen, Paisley, UK) or with 10% (v/v) charcoal-stripped fetal
calf serum (SFCS; First Link, Birmingham, UK), which is devoid
of THs, for experiments that involved T3 treatment.
Silencing and over-expression of MCT8
expression. AmaxaH electroporation (Lonza, Basel, Switzer-
land) was used for the delivery of small interfering RNA (siRNA)
or plasmid DNA into cells as per manufacturer’s instructions. For
SGHPL-4 cells, solution V and program X-001 were used. The kit
for primary epithelial cells and program T-013 was used for
cytotrophoblast cells. For the suppression of endogenous MCT8
expression (MCT8 silencing), cells were transfected with MCT8-
specific siRNA (final concentration 100 nM; sense sequence:
GCCUGCGCUACUUCACCUAtt) or with a non-targeting
control (sense sequence: GGGCCACAGUUUCAGCUUCtt;
Ambion, Warrington, UK). For transient up-regulation of
MCT8 expression (MCT8 over-expression) the cells were trans-
fected with plasmid DNA (1 mg) (pcDNA3.1+; Invitrogen)
containing the cDNA for human wild-type MCT8 with a C-
terminal hemagglutinin (HA) tag [32]. PcDNA3.1+ plasmid
lacking the MCT8 cDNA was used as a vector only (VO) control.
Cell recovery, assessed by cell counting under a microscope 24
hours post-transfection, was approximately 80% for SGHPL-4
and 50% for cytotrophoblast (data not shown).
Successful silencing of endogenous MCT8 and overexpression
of HA-tagged MCT8 were confirmed by TaqMan PCR, flow
cytometry and western blotting, as previously described [24]. In
SGHPL-4 cells, transfection with MCT8 siRNA resulted in a 70%
reduction in MCT8 mRNA (P,0.001) with undetectable MCT8
protein in lysates from cells transfected with MCT8 siRNA
(Figures S1A–B). Over-expression of MCT8 protein 72 hours post-
transfection assessed by flow cytometry showed that 41% of
SGHPL-4s were expressing the transfected MCT8 protein and
increased protein expression was also confirmed by western
Figure 2. T3 uptake in primary cytotrophoblast cells following MCT8 silencing (A,C) or MCT8 over-expression (B,D). A and B: T3
uptake time course from one representative experiment. Cytotrophoblast cells were incubated for 0 to 30 minutes with [125I]-T3. The amount of
intracellular radioactivity was quantified and expressed as a percentage of the total radioactivity added. C and D: Relative T3 uptake following
incubation for 10 minutes with [125I]-T3. Bars represent average of four experiments +SEM. Within each experiment, each condition was performed in
duplicate. The mean uptake for the control within each experiment has been assigned the value of 100%. Statisticallysignificant differences are
indicated by *P,0.05 and **P,0.01.
doi:10.1371/journal.pone.0065402.g002
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Figure 3. Effect of MCT8 and T3 on EVT invasiveness and motility. A: Representative pictures of first trimester primary EVT cells that invaded
through MatrigelH (arrows) following treatment with 0 or 10 nM T3. The cells were stained with Mayer’s hematoxylin and eosin. B: Index of invasion
by first trimester primary EVT following treatment with 0 or 10 nM T3. Bars represent average of six experiments+SEM. Within each experiment, each
condition was performed in triplicate and the results normalized to the mean value for the controls. C and D: Invasion of the EVT-like SGHPL-4 cells
through MatrigelH following silencing of endogenous MCT8 expression (C) or over-expression of MCT8 (D) and treatment with 0 or 10 nM T3. The
number of invading cells was normalized to the average number of invading cells in the control groups that were transfected with control siRNA or
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blotting (Figure S1C–D). In cytotrophoblast cells, transfection with
MCT8 siRNA resulted in 90% reduction in MCT8 mRNA
expression (P,0.001) and undetectable MCT8 protein (Figure
S2A–B). Over-expression of MCT8 protein assessed by flow
cytometry showed that 28% of cytotrophoblast cells were
expressing the transfected MCT8 protein and this was also
confirmed by western blotting (Figure S2C–D).
T3 uptake assays. Following silencing or over-expression of
MCT8 expression the cells were cultured for 72 hours in duplicate
in 10% FCS-supplemented medium. The cells were incubated
with serum-free medium supplemented with 1 nM T3 containing
approximately 26105 cpm of [125I]-T3 (Perkin Elmer, Massachu-
setts, USA) and [125I]-T3 uptake was measured, as previously
described [24]. In addition, SGHPL-4 cells were also transfected
with plasmid containing the m-crystallin cDNA (CRYM; Im-
agenes; Berlin, Germany), on its own or co-transfected with
MCT8. Since CRYM binds T3 intracellularly [33,34], co-
transfection with this protein was used to increase the intracellular
T3-binding capacity of the cells and thus decrease the rate of T3
efflux.
Cell invasion. Following isolation (primary EVT) or AmaxaH
electroporation (SGHPL-4), cells were cultured in cell culture
inserts [8 mm membrane pore size] coated with 10 ml of growth
factor-reduced MatrigelH matrix (BD Biosciences). Cells were
treated with 0 or 10 nM T3 and cell invasion through MatrigelH
was assessed 48 or 72 hours later by counting all the invaded cells
visualized with Mayer’s hematoxylin and eosin (H&E). The
invasion index was determined and expressed as the ratio of
invaded cells in the experimental group relative to that in the
respective control group (EVT: cells treated with 0 nM T3;
SGHPL-4: cells transfected with control siRNA or VO and treated
with 0 nM T3).
Cell motility. The effect of MCT8 silencing or over-
expression on SGHPL-4 motility was assessed. To identify cells
that were successfully transfected with MCT8, a plasmid
containing cDNA encoding a fusion protein for hMCT8 and
GFP was constructed (MCT8-GFP). PcDNA3.1+ plasmid encod-
ing GFP was used as control (GFP). Transfection of SGHPL-4
with MCT8-HA or MCT8-GFP resulted in a similar increase in
T3 uptake, which was 30% (67) and 30% (613) respectively
following incubation with [125I]-T3 for 10 minutes. Following
electroporation the cells were allowed to adhere overnight in 10%
(v/v) FCS-supplemented media followed by a 4-hour incubation in
media supplemented with 10% (v/v) SFCS before treatment with
0 or 10 nM T3. Cell motility was assessed by time-lapse
microscopy (TLM) over 20 hours, as described previously [29].
Twenty cells per field of view were chosen at random and the
distance moved was measured using ImageJ (U. S. National
Institutes of Health, Bethesda, MD, USA). Within each exper-
iment the results were normalized to the values obtained from the
control groups (as defined above).
Cell survival and apoptosis. SGHPL-4 cells were allowed
to adhere overnight in 10% (v/v) FCS-supplemented media
followed by a 4-hour incubation in media supplemented with 10%
(v/v) SFCS before treatment with 0 or 10 nM T3 for 48 hours.
Primary term cytotrophoblast cells were cultured in media
supplemented with 10% (v/v) SFCS and from 18 hours post-
isolation were treated with 0 or 10 nM T3 for 48 hours. Cell
number was assessed using the methyltetrazoleum (MTT; Sigma-
Aldrich) colorimetric assay as described previously [8] and by
counting cell nuclei stained with Hoechst 33258 (1:1000; Sigma-
Aldrich). In addition, cell apoptosis was assessed using the
luminescence-based Caspase 3/7 activity assay (Promega, South-
ampton, UK) [32]. The results were normalized to the values
obtained from the control groups (as defined above) within each
experiment. Caspase 3/7 results were also normalized to the MTT
results to correct for cell numbers. In addition, apoptosis in
SGHPL-4 cells was assessed based on changes in cell morphology
seen by TLM as previously described [35].
In vivo Experiments in a Murine Model
Matings, euthanisation and sample collection. Animal
studies were approved by the Animal Welfare Committee of the
Medizinische Hochschule Hannover, Germany. Female Mct8+/2
mice were obtained from Deltagen (San Mateo, CA, USA). All
animals were on a C57/Bl6 background, kept at constant
temperature (22uC) and light cycle (12 hours light, 12 hours dark)
and provided with standard laboratory chow and tap water ad
libitum. Heterozygous female carrier mice (Mct8+/2; n = 26) were
mated with male knockout (Mct82/y) or wild-type mice (Mct8+/y).
Pregnant dams were euthanized at gestational day 14 (E14.5;
n = 17) or at gestational day 18 (E18.5; n = 9) by CO2
administration. Each fetus and placenta was dissected out
separately and weighed. Fetal tails were genotyped by PCR to
determine the sex (SRY gene) and Mct8 status, as previously
described [22]. Fetuses were snap-frozen for analysis of TH
content. Half of each placenta was fixed [4% (w/v) paraformal-
dehyde, 3% (w/v) PIPES, 3% (w/v) PVP40 and 0.02% (w/v)
CaCl2 fixative (pH 7.4)] and paraffin-embedded and the other half
was snap-frozen. Only male Mct8 knockout fetuses and placentae
and male wild-type littermates were used for subsequent exper-
iments.
Mct8 mRNA expression in mouse placenta. To demon-
strate Mct8 expression in the mouse placenta, placentae of wild-
type fetuses at E14.5 (n = 10) and E18.5 (n = 11) were assessed by
TaqMan PCR, as previously described [24], using a commercially
available set of primers and probe (Assay ID: Mm00486204_m1;
Applied Biosystems, Paisley, UK).
Stereo-histological assessment of the placenta. Paraffin-
embedded placentae from E18.5 Mct82/y and Mct8+/y littermates
(n = 6) were entirely sectioned into 7 mm-thick sections. Approx-
imately every tenth section ranging from the centre to the
periphery of the placenta (20 sections per placenta) was stained
with H&E and photographed using a 26 objective lens. The
volume fraction of each region of the mouse placenta [chorionic
plate, labyrinthine zone (Lz), junctional zone, decidua basalis] was
estimated using a grid, as previously described [36]. Absolute
placental volumes were calculated by multiplying the wet placental
weight of each sample by 1.05 (the estimated specific gravity of
placenta) [37].
TH measurements in fetuses. In order to assess maternal
to fetal transfer of TH, the total fetal T4 and T3 content at E14.5
VO and treated with 0 nM T3. Bars represent average of seven (silencing) or six (over-expression) experiments +SEM. Within each experiment, each
condition was performed in duplicate. E and F: Motility of SGHPL-4 cells. Distance moved following MCT8 silencing with siRNA (E) or over-expression
of GFP-tagged MCT8 (F) followed by treatment with 0 or 10 nM T3 for 20 hours. The distance over which cells moved was normalized to the average
distance covered by cells in the control groups that were transfected with control siRNA or GFP only (VO) and treated with 0nM T3. Bars represent
average of three experiments +SEM. Statistically significant differences are indicated by *P,0.05 and **P,0.01. The longer brackets indicate the
overall effect of T3 across all groups by ANOVA and the shorter bracket indicates the significant difference between specific groups assessed by post-
hoc testing.
doi:10.1371/journal.pone.0065402.g003
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(before endogenous fetal TH production) was measured by radio-
immuno assay following TH extraction from tissues, as described
in detail previously [38]. Two to three fetuses of the same genotype
from each litter were pooled together (2–3 per genotype) for the
assay. However, the levels of T4 and T3 were below the detection
limits of the assay in all the samples, both wild-type and Mct8
knockout.
Deiodinase activity assays. The activity of D2 and D3 in
wild-type and Mct8 knockout mouse placentae at E14.5 was
assessed by HPLC, as described previously [39]. From each litter
(n = 7), three placentae of each genotype were pooled together and
processed as a single sample.
Cell proliferation in the mouse placenta. To compare cell
proliferation between wild-type and Mct8 knockout placentae, the
protein expression of Cyclin D1 (1/200; ab16663, Abcam,
Cambridge, UK) in whole placental homogenates (E18.5; n= 6
litters) was assessed by western blotting, as described previously
[24]. To isolate potential changes in trophoblast viability
specifically within the Lz, we counted the number of endothelial
(CD31+ve; stained with antibody ab56299; 1/100; Abcam) and
trophoblast (CD31-ve and identified also by characteristic cell
morphology) cells (all counterstained with Mayer’s hematoxylin) in
five randomly selected fields per placental section (viewed under a
206 objective) from wild-type and knockout placentae (E18.5:
n = 4 litters).
Statistical Analysis
Data were analyzed using MinitabH statistical software (version
15). When comparing two groups, statistical significance was
assessed by paired t-test. For comparisons of more than two
groups, or groups affected by more than one variable, analysis of
variance (ANOVA) was performed using the general linear model.
Tukey all pairwise multiple comparisons post-hoc tests were used
to assess differences between individual groups. Residuals for all
data sets passed the normality test as determined using the
Kolmogorov-Smirnov test.
Results
Effect of MCT8 on T3 Uptake in vitro
To assess the contribution of endogenous MCT8 to TH
transport, we assessed T3 uptake by the EVT-like cell line,
SGHPL-4, and primary term human cytotrophoblast cells
following MCT8 silencing. MCT8 silencing was associated with
a significant reduction in T3 uptake by SGHPL-4 cells (Figure 1A)
with a maximum effect at 10 minutes (40% reduction, P,0.05).
The inhibition of T3 uptake was sustained for the entire 30
minutes of incubation with [125I]-T3. Conversely, MCT8 over-
expression increased T3 uptake by SGHPL-4 cells (Figure 1B;
30%; P,0.05) at 10 minutes. However, at 30 minutes net T3
uptake was similar in MCT8-transfected cells and in VO controls,
presumably because equilibrium was reached by that point. This
supports previous observations indicating that MCT8 could also
facilitate T3 efflux as well as influx. This was confirmed when
SGHPL-4 cells were co-transfected with MCT8 and CRYM, a
cytosolic protein that binds to T3 intracellularly and thus decreases
T3 efflux [33,34]. T3 uptake by SGHPL-4 cells co-transfected
with MCT8 and CRYM was significantly higher than by those
transfected with VO (by 44%), or MCT8 alone (by 44%) or
CRYM alone (by 28%) following 30 minutes of incubation with
[125I]-T3 (P,0.001).
In primary human cytotrophoblast cells T3 uptake over 30
minutes showed a similar pattern to that in SGHPL-4 cells. In
initial time course experiments, MCT8 silencing resulted in
reduced T3 uptake after 10 and 30 minutes of incubation with
[125I]-T3 (Figure 2A), whilst MCT8 over-expression increased T3
uptake by primary cytotrophoblast cells only transiently with the
maximum effect observed at 10 minutes (Figure 2B). To confirm
these observations, further experiments were conducted with
assessments made at 10 minutes (n = 4) showing that MCT8
silencing resulted in a 15% reduction in T3 uptake (Figure 2C,
P,0.05), whilst MCT8 over-expression resulted in a 15% increase
in T3 uptake by cytotrophoblasts (Figure 2D; P,0.01).
Effect of MCT8 on Extravillous Trophoblast Invasion and
Motility in vitro
Treatment of first trimester primary EVT cells with 10 nM T3
resulted in an increase in cell invasion (Figure 3A), with a mean
increase of 3.8-fold compared with untreated cells (Figure 3B,
P,0.05), which is consistent with previous reports [25]. To
investigate the underlying mechanisms of this observation and the
effect of altered MCT8 expression on cell invasion we utilized the
EVT-like cell line, SGHPL-4, as a model of EVT because of the
limited cell numbers obtainable from first trimester placentae.
Treatment of SGHPL-4 cells with 10 nM T3 also resulted in an
overall trend of increased cell invasion (ANOVA effect of T3
P,0.05), suggesting that this is a valid cell model to study T3-
mediated effects on EVT invasion (Figures 3C–D). Even though
silencing MCT8 had no effect on SGHPL-4 invasion through
MatrigelH (Figure 3C), with over-expression of MCT8 T3 induced
a significant pro-invasive effect resulting in a 3.3-fold increase in
cell invasion compared with no T3 (P,0.05), which is more than
the T3-induced effect when cells were transfected with VO
(Figure 3D). In contrast, SGHPL-4 motility was not affected by
changes in MCT8 expression or by T3 treatment (Figures 3E–F).
Effect of MCT8 on Trophoblast Cell Viability in vitro
Silencing endogenous MCT8 in primary term cytotrophoblast
cells increased cell viability as assessed by MTT both in non-
treated (19%, P,0.05) and T3-treated cells after 48 hours (16%,
P,0.05; Figure 4A). Conversely, over-expression of MCT8
decreased cell viability by 17% in the absence of T3 (P,0.05)
and 21% in the presence of T3 (P,0.01) (Figure 4B). This effect
was also confirmed when the number of cell nuclei was counted.
There were more nuclei following MCT8 silencing (ANOVA
effect of MCT8: P,0.05; Figure 4C) and fewer nuclei following
MCT8 over-expression (ANOVA effect of MCT8: P,0.05;
Figure 4D), with similar trends observed in the absence and
presence of T3. However, neither MCT8 silencing nor over-
expression nor T3 treatment affected apoptosis measured by
Caspase 3/7 activity (Figures 4E–F).
Figure 4. Effect of MCT8 silencing (A,C,E) and MCT8 over-expression (B,D,F) on primary term cytotrophoblast cell viability. assessed
by MTT assay (A–B; average of six experiments +SEM, four replicates were performed per condition within each experiment) and by counting nuclei
under a microscope (C–D; average of 3 experiments +SEM; within each experiment 5 fields were counted), and apoptosis by quantification of Caspase
3/7 activity (E–F; average of five experiments +SEM, within each experiment each condition was performed in triplicate). The assays were performed
72 hours following Amaxa electroporation, and 48 hours post-treatment with 0 or 10 nM T3. Results of each sample was normalized to the mean for
cells transfected with control (control siRNA or VO) and treated with 0 nM T3. Caspase activity results were also normalized to the MTT results in order
to correct for cell numbers. Statistically significant differences are indicated by *P,0.05, **P,0.01 and ***P,0.001.
doi:10.1371/journal.pone.0065402.g004
MCT8 Effect in Placenta
PLOS ONE | www.plosone.org 7 June 2013 | Volume 8 | Issue 6 | e65402
Figure 5. Effect of MCT8 silencing (A,C,E) and MCT8 over-expression (B,D,F) on the viability of the EVT-like SGHPL-4 cells. assessed
by MTT assay (A–B), and apoptosis by quantification of Caspase 3/7 activity (C–D) and counting the number of apoptotic cells by time lapse
microscopy (E–F). The assays were performed 72 hours following silencing of endogenous MCT8 or transfection with human wild-type MCT8, and 48
hours post-treatment with 0 or 10 nM T3. A and B: The absorbance for each sample was normalized to the average absorbance measured in cells
transfected with control (control siRNA or VO) and treated with 0 nM T3. The bars represent average of five experiments +SEM. Four replicates were
performed per condition within each experiment. C and D: Results were normalized to the MTT results in order to correct for cell numbers. Bars
represent average of three experiments +SEM. Within each experiment, each condition was performed in triplicate. E and F: Bars represent average
of three experiments +SEM. Within each experiment 20 cells were counted per condition.
doi:10.1371/journal.pone.0065402.g005
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In contrast to the observations in primary cytotrophoblast cells,
both silencing and over-expression of MCT8 in SGHPL-4 cells, a
model of EVT, did not affect cell viability as measured by MTT
(Figure 5A–B). Like primary cytotrophoblasts, however, MCT8
also did not affect apoptosis of SGHPL-4 cells as measured by
Caspase 3/7 activity and by morphological assessment by TLM
(Figure 5C–F).
Mct8 Expression in the Mouse Placenta
Messenger RNA encoding Mct8 was demonstrated in the wild-
type mouse placenta at both E14.5 and E18.5. Mct8 mRNA
expression as determined by quantitative RT-PCR was signifi-
cantly increased by 4.7 (61.2) fold (mean6SEM; P,0.01) at
E18.5 compared with E14.5.
Effect of Mct8 on Placental Deiodinase Activities in Mice
D2 activity was undetectable in the mouse placenta. There was
no significant difference in D3 activity between Mct8 wild-type
(177.8637.26 fmol/mg/min; mean6SEM) and knockout
(224.0651.74 fmol/mg/min) placentae at E14.5.
Effect of Mct8 on Mouse Fetal and Placental Weights
In order to find out if lack of Mct8 affects fetal growth or
placental growth we recorded fetal and placental weights at two
gestational ages, E14.5 (which is before the onset of fetal TH
production) and E18.5 (which is after the onset of fetal TH
production and just before delivery). At E14.5 there was no
statistically significant difference in absolute fetal and placental
weights between wild-type fetuses and Mct8 knockout littermates
(Figure 6A–B). However, at E18.5 there was a trend of reduced
fetal weights accompanied by a trend of increased placental
weights with Mct8 knockout compared to wild-type (Figure 6C–
D). This led us to calculate the ratio of fetal:placental weight for
each conceptus, which gives an estimate of the fetal weight that is
supported by each gram of placenta. We found that at E18.5 the
fetal:placental weight ratio was 25% lower in Mct8 knockout
fetuses (P,0.05), but there was no difference at E14.5 (Figure 6E–
F). This is suggestive of placental inefficiency with Mct8 knockout
at E18.5.
Effect of MCT8 on Mouse Placental Morphology
To look for other features indicating placental inefficiency we
assessed whether placental morphology was affected at E18.5. We
performed stereohistological analysis and calculated the volume
fractions and the absolute volumes of each of the regions that
make up the mouse placenta (Figure 7A). The volume fraction of
the Lz relative to the whole placenta was smaller in Mct8 knockout
samples compared to litter-matched wild-type samples (P,0.05)
(Figure 7B). However, there was no difference in the absolute
volume of the Lz between wild-type and knockout placentae
(Figure 7C). No significant differences were observed when
comparing the volume fraction or the absolute volume of the
other regions in the mouse placenta, although there was a general
trend of increased absolute volumes of all regions with Mct8
knock-out, with the Lz showing the least change.
Effect of MCT8 on Cell Proliferation in the Mouse
Placenta
Since in vitro findings suggest that the level of MCT8 expression
affects the viability of human cytotrophoblast cells, we assessed
proliferation in mouse wild-type compared with litter-matched
Mct8 knockout placentae (Figure 8). In whole placental homog-
Figure 6. Absolute fetal (A and C), absolute placental (B and D) weights and fetal to placental weight ratios (E and F) of male wild-
type (+/y) and male Mct8 knockout (2/y) fetuses at gestational day 14 (E14.5; n=17 litters) and 18 (E18.5; n=9 litters). Each dot
represents the weight of individual samples and the lines represent the mean 6SEM for each group. Significant differences between groups are
indicated by *P,0.05.
doi:10.1371/journal.pone.0065402.g006
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Figure 7. Stereohistological analysis of male wild-type (+/y) and male Mct8 knockout (2/y) E18.5 placentae. A: Representative picture
of a placental section (wild-type), stained with hematoxylin and eosin, and photographed using a 26 objective lens. The different regions of the
mouse placenta are annotated: db =decidua basalis, Lz = labyrinthine zone, Jz = junctional zone and c = chorionic plate. B–C: Volume fractions (B) of
the placental regions relative to the whole placenta and absolute volumes (C) of the placental regions in wild-type and litter-matched Mct8 knockout
samples. Six placentae were assessed per genotype. The bars represent the mean 6SEM for each group. Significant differences between groups are
indicated by *P,0.05.
doi:10.1371/journal.pone.0065402.g007
MCT8 Effect in Placenta
PLOS ONE | www.plosone.org 10 June 2013 | Volume 8 | Issue 6 | e65402
enates, there was no significant difference in the protein expression
of the proliferation marker, Cyclin D1, at E18.5 (Figure 8A–B). In
light of the findings in human trophoblast and in the mouse
stereology, we sought to isolate possible differences in cell viability
within the Lz. Cell counts of trophoblast and endothelial cells
(distinguished by CD31 staining in conjunction with cell
morphology; Figure 8C) were no different between wild-type
and Mct8 knockout samples at E18.5. The average number of
trophoblast cells per field (6SEM) was 103620 in wild-type and
7969 in Mct8 knockout placentae and the average number of
endothelial cells per field was 162613 and 141628, respectively
(Figure 8D).
Discussion
In this study we have demonstrated that MCT8 makes a
significant contribution to T3 uptake by human trophoblast cells
in vitro. We have also shown that MCT8 promotes the pro-invasive
effect of T3 on the EVT-like cell line, SGHPL-4, whilst it reduces
the viability of primary term human cytotrophoblast cells in a T3-
independent manner in vitro. In vivo data from Mct8 knockout mice
reveal reduced fetal to placental weight ratios, with a smaller
volume fraction of the Lz, where maternal-fetal exchange occurs.
However, significant changes in placental cell growth could not be
demonstrated in vivo.
A significant reduction in net T3 transport following silencing of
endogenous MCT8 in vitro suggests that MCT8 contributes
significantly to net T3 transport by human placental cells. This
is consistent with our observation that MCT8 makes a substantial
contribution to T3 uptake by microvillous membrane vesicles
derived from term syncytiotrophoblast [7]. Human primary term
cytotrophoblast [6,24], primary EVT [6] and SGHPL-4 cells
(unpublished data) express other TH transporters in addition to
MCT8, including MCT10, system-L amino acid transporters
(LAT1, LAT2 and their obligatory heterodimer CD98) and
organic anion transporting polypeptides 1A2 and 4A1. These TH
Figure 8. Proliferation and cell number in male wild-type (+/y) and male Mct8 knockout (2/y) placentae. (A): Changes in the protein
expression of Cyclin D1 (proliferation) were assessed by western blotting. The expression of b-actin was assessed to control for sample loading. A
representative blot is shown for gestational age E18.5. (B): Relative densitometry analysis based on one wild-type and one Mct8 knockout placenta
from each of six litters at E18.5. The bars represent the mean 6SEM. (C): Representative picture demonstrating CD31 immunoreactivity (marker of
endothelial cells represented by brown staining) in the mouse placenta at E18.5. The nuclei were counterstained using hematoxylin. Endothelial cells
are indicated by arrows and trophoblast cells by arrowheads. (D): Number of trophoblast and endothelial cells (counted in five fields per sample
under a 206objective) in the labyrinthine zone of +/y and2/y placentae. One wild-type and one Mct8 knockout placenta from each of four litters at
E18.5 were assessed. The bars represent the mean 6SEM.
doi:10.1371/journal.pone.0065402.g008
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transporters could all facilitate both T3 influx and efflux in the
absence of MCT8. Despite some transporters having a similar
affinity for T3: MCT8 (Km=0.86 mM [40]), system-L
(Km=0.8 mM [41]) and OATP4A1 (Km=0.9 mM [42]), these
other TH transporters cannot completely compensate when
MCT8 is silenced, resulting in reduced T3 retention intracellu-
larly. On the other hand, when MCT8 was over-expressed at
‘‘supraphysiological levels’’, there was an initial increase in T3
uptake, which could not be maintained over a prolonged (30
minute) incubation with [125I]-T3. This suggests that MCT8 over-
expression could facilitate a transient rapid increase in T3 uptake
but not the retention of T3 intracellularly due to T3 efflux taking
place, as confirmed by our studies using co-transfection of MCT8
and CRYM in SGHPL-4 cells. It is probable that MCT8 also
contributed significantly to this T3 efflux, as has been described in
COS1 cells [43]. The relatively smaller magnitude of increase in
T3 uptake in primary cytotrophoblast compared to SGHPL-4 cells
could be partly attributed to the lower transfection efficiency for
cytotrophoblast (28% vs 41%).
These findings raise the possibility that transplacental TH
transport and placental TH content may be impaired in
pregnancies where the fetus is affected by a MCT8 mutation.
To date there are no data on fetal TH levels from human
pregnancies, where the child (and therefore the placenta) was
affected by a MCT8 mutation. Studies in adult mice have shown
that global Mct8 deletion results in a hypothyroid state in some
organs (brain) and a hyperthyroid state in others (liver, kidney)
[21,22,44], depending on the TH transporters and deiodinases
that are active in each tissue. We have demonstrated the
expression of Mct8 in the mouse placenta. However, our attempts
to quantify transplacental TH transport by Mct8 in mice before
the onset of endogenous fetal TH production have been hindered
by the low levels of T4 and T3 present in E14.5 mouse fetuses.
Furthermore, the finding that D3 activity in the placenta remains
unaltered when Mct8 is absent, suggests that either Mct8 knockout
does not alter intracellular placental TH content or D3 activity
remains unaltered in the face of an altered intracellular TH
concentration. This is similar to reports that placental deiodinase
activity was not affected in human cases of fetal hypothyroidism
[39] and maternal hypothyroidism [45], as well as following in vitro
T3 treatment of human primary cytotrophoblast cells [10].
MCT8 over-expression amplified the pro-invasive effect of T3,
suggesting that MCT8 may play a role in regulating invasion by
promoting T3 transport into EVT and therefore increasing
intracellular T3 availability. However, this effect was modest
and may not be unique to MCT8, and other TH transporters
could have a similar effect. Surprisingly, despite MCT8 silencing
resulting in a 40% reduction in net T3 uptake, SGHPL-4 invasion
was not affected significantly. It is possible that regulators of TH
action, namely other TH transporters, D2, D3 and TRs
compensate for the lack of MCT8. Yet we have found that T3
treatment of SGHPL-4 cells does not affect the expression of these
genes (unpublished data). It is likely that in EVT there are other
more dominant factors involved in the regulation of invasion,
which could attenuate the effects of T3 insufficiency, such as
autocrine and paracrine effects of trophoblast-secreted cytokines
and growth factors. For example, insulin-like growth factor (IGF)-
II has been shown to promote the invasion of EVT-like cells in an
autocrine manner [46]. The lack of impact of MCT8 silencing
upon trophoblast invasion is also reflected by the limited
epidemiological data derived from the relatively few cases of
MCT8 mutations in humans, with approximately 80 families
identified world-wide thus far [47]. There have not yet been any
reports of a preponderance of malplacentation disorders which are
typically associated with impaired EVT invasion, such as IUGR,
pre-eclampsia, preterm delivery and pregnancy loss, which
suggests that compensatory mechanisms may exist in vivo in
human to attenuate the effects of reduced T3 uptake by
trophoblast cells.
There is already evidence that MCT8 regulates cell turnover in
several cell types. Reports of a hyperplastic thyroid lesion in a male
patient carrying an MCT8 mutation and papillary hyperplasia in
Mct8 knockout mice [48] suggest that MCT8 suppresses thyrocyte
cell turnover in vivo. Furthermore, we have previously reported
that MCT8 suppresses the proliferation of JEG-3 (a choriocarci-
noma cell line that is MCT8-null) and N-Tera-2 (a neuronal
precursor cell line) cells [32] in a T3-independent manner, just as
MCT8 decreased the viability of non-proliferating primary term
cytotrophoblast. Interestingly, the EVT-like cell line, SGHPL-4,
was unaffected by changes in MCT8 expression and such a
contrast suggests that MCT8 regulation of cell viability is a cell-
specific effect. Since primary cytotrophoblast do not proliferate in
culture, altered cell viability cannot be accounted for by changes in
cell proliferation or by an activation of the caspase cascade. MCT8
may instead influence parallel pathways that are caspase-
independent leading to increased cell death. How MCT8 affects
cell viability independently of T3 is unknown. Investigations into
the ability of MCT8 to transport compounds other than THs,
have been negative [12,49]. Alternatively, MCT8 may affect cell
viability independently of its transporter function. Regardless of
the mechanism responsible, the adverse effect of MCT8 on the
viability of cytotrophoblast cells is consistent with our hypothesis
that the increased placental expression of MCT8 in IUGR
pregnancies may contribute to the pathophysiology of decreased
placental size and, hence, fetal size [6,23,24].
In mice, we did not observe any significant changes in the
expression of a proliferative marker when we compared whole
placental homogenates from wild-type with that from Mct8
knockout fetuses. Counting the number of cells within the Lz also
revealed no changes in trophoblast (or endothelial) cell number
with Mct8 knockout. Only male conceptuses in mice were studied.
It is currently unclear whether the discrepancy in MCT8 effects
upon cell viability in human trophoblast in vitro and upon
trophoblast cell number in mouse placenta in vivo is due to
compensatory mechanisms that may occur in vivo or due to species
differences. Investigation of placentae from human pregnancies
where the fetus carries a MCT8 mutation would be critical in
answering this question.
Against a uniform maternal genotype (heterozygous female
carriers Mct8+/2) in mice and amongst male conceptuses Mct8
knockout resulted in a 25% reduction in fetal to placental weight
ratio compared to wild-type, which is indicative of reduced
placental efficiency [50]. Placental efficiency is influenced by
environmental conditions during pregnancy, as well as by the
expression of different genes [51,52]. For instance, Phlda2, a
maternally-expressed imprinted gene, is one of the best studied
genes which has been strongly associated with birthweight in
humans. In mice, Phlda2 knockout results in increased placental
weight with no change or a slight decrease in fetal weight and a
23% reduction in the fetal to placental weight ratio in the mutants
compared to wild-type littermates [51], which is comparable to the
magnitude of effect on fetal to placental weight ratio observed in
our Mct8 model. A reduction in fetal to placental weight ratio may
reflect a compensatory mechanism whereby a malfunctioning
placenta enlarges to preserve adequate transplacental transport
and normalize fetal growth. However, stereohistological analysis of
the placenta revealed that the volume fraction of the Lz, which is
responsible for transplacental transport in the mouse, was in fact,
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lower with Mct8 knockout. Therefore, it is unlikely that the
difference in the fetal to placental weight ratio reflects an
adaptation to optimize maternal-fetal exchange. Instead, there
was a general trend of increased volumes of every placental region
with Mct8 knockout suggestive of a generalized increase in
placental cell growth and an opposite trend of reduced fetal
growth at E18.5, which only became significantly different when
expressed as a ratio. This suggests that Mct8 knockout has subtle
and different effects upon placental and fetal growth, and that
differences in fetal to placental weight ratios cannot be explained
by isolated effects on trophoblast cell growth.
Our data demonstrate that MCT8 makes a significant
contribution to TH transport by human placental cells. Further-
more, changes in the expression of MCT8 affect the two major
human trophoblast cell types differently and via both T3-
dependent (invasion) and T3-independent (cell viability) mecha-
nisms. However, findings in Mct8 knockout mice show no
significant differences in placental cell growth although a reduced
fetal to placental weight ratio does suggest subtle effects on overall
fetoplacental growth. It is possible that compensatory mechanisms
exist in vivo that attenuate the effects of Mct8 knockout. However,
we cannot exclude the possibility that Mct8 may have different
effects on human and mouse placental cells.
Supporting Information
Figure S1 Efficiency of MCT8 silencing and over-
expression in the EVT-like cell line, SGHPL-4. A:
Knock-down of endogenous MCT8 mRNA expression in
SGHPL-4 cells was assessed by quantitative RT-PCR. Bars
represent average of six experiments +SEM. The mean expression
in cells treated with control siRNA was given the arbitrary value of
one. Statistically significant differences are indicated by
***P,0.001. B: Changes in overall MCT8 protein expression
following MCT8 silencing were assessed by western blotting.
Whole cell protein lysates (70 mg) of SGHPL-4 cells were probed
with rabbit anti-MCT8 antibody [43] followed by secondary anti-
rabbit antibody conjugated with HRP. The expression of b-actin
was assessed to control for sample loading. C: Representative
experiment showing the percentage of SGHPL-4 cells that were
successfully transfected with HA-tagged MCT8 as assessed by flow
cytometry. The cells were probed with a mouse anti-HA antibody
(1:50; Cell Signalling) followed by a secondary antibody labelled
with green-fluorescent Alexa Fluor 488 dye (1:1,000; Invitrogen).
Cells transfected with vector only (VO) were used as negative
control. D: Changes in overall MCT8 protein expression following
MCT8 over-expression assessed by western blotting.
(TIFF)
Figure S2 Efficiency of MCT8 silencing and over-
expression in primary term cytotrophoblast cells. A:
Knock-down of endogenous MCT8 mRNA expression in
cytotrophoblast cells was assessed by quantitative RT-PCR. Bars
represent average of three experiments +SEM. The mean
expression in cells transfected with control siRNA was given the
arbitrary value of one. Statistically significant differences are
indicated by ***P,0.001. B: Changes in overall MCT8 protein
expression following MCT8 silencing were assessed by western
blotting. Whole cell protein lysates (30 mg) were probed with rabbit
anti-MCT8 antibody [6] followed by secondary anti-rabbit
antibody conjugated with HRP. The expression of b-actin was
assessed to control for sample loading. C: A representative
experiment showing the percentage of cytotrophoblast cells that
were successfully transfected with HA-tagged MCT8 as assessed
by flow cytometry. The cells were probed with anti-HA antibody
followed by secondary antibody labelled with green-fluorescent
Alexa Fluor 488 dye. Cells transfected with vector only (VO) were
used as negative control. D: Changes in overall MCT8 protein




We thank Professor Graham Burton for advice on mouse placenta
collection and assessment, Sabine Landmann for excellent technical
assistance and the UKCRN funded research midwifes at Birmingham
Women’s Foundation Trust for assistance with patient recruitment.
Author Contributions
Conceived and designed the experiments: EV LSL CJM JAF MDK SYC.
Performed the experiments: EV LSL HH MT-A VMD TJV GEL SYC.
Analyzed the data: EV LSL HH MT-A VMD TJV GEL GSW CJM JAF
MDK SYC. Contributed reagents/materials/analysis tools: EV LSL HH
MT-A VMD TJV GEL GSW CJM JAF MDK SYC. Wrote the paper: EV
SYC. Revising the paper critically for important intellectual content: LSL
HH MT-A VMD TJV GEL GSW CJM JAF MDK.
References
1. Abalovich M, Gutierrez S, Alcaraz G, Maccallini G, Garcia A, et al. (2002)
Overt and subclinical hypothyroidism complicating pregnancy. Thyroid 12: 63–
68.
2. Casey BM, Dashe JS, Wells CE, McIntire DD, Byrd W, et al. (2005) Subclinical
hypothyroidism and pregnancy outcomes. Obstet Gynecol 105: 239–245.
3. LaFranchi SH, Haddow JE, Hollowell JG (2005) Is thyroid inadequacy during
gestation a risk factor for adverse pregnancy and developmental outcomes?
Thyroid 15: 60–71.
4. Mestman JH (2004) Hyperthyroidism in pregnancy. Best Pract Res Clin
Endocrinol Metab 18: 267–288.
5. Kilby MD, Barber K, Hobbs E, Franklyn JA (2005) Thyroid hormone action in
the placenta. Placenta 26: 105–113.
6. Loubie`re LS, Vasilopoulou E, Bulmer JN, Taylor PM, Stieger B, et al. (2010)
Expression of thyroid hormone transporters in the human placenta and changes
associated with intrauterine growth restriction. Placenta 31: 295–304.
7. Loubiere LS, Vasilopoulou E, Glazier JD, Taylor PM, Franklyn JA, et al. (2012)
Expression and function of thyroid hormone transporters in the microvillous
plasma membrane of human term placental syncytiotrophoblast. Endocrinology
153: 6126–6135.
8. Barber KJ, Franklyn JA, McCabe CJ, Khanim FL, Bulmer JN, et al. (2005) The
in vitro effects of triiodothyronine on epidermal growth factor-induced
trophoblast function. J Clin Endocrinol Metab 90: 1655–1661.
9. Kilby MD, Verhaeg J, Gittoes N, Somerset DA, Clark PM, et al. (1998)
Circulating thyroid hormone concentrations and placental thyroid hormone
receptor expression in normal human pregnancy and pregnancy complicated by
intrauterine growth restriction (IUGR). J Clin Endocrinol Metab 83: 2964–
2971.
10. Chan S, Kachilele S, Hobbs E, Bulmer JN, Boelaert K, et al. (2003) Placental
iodothyronine deiodinase expression in normal and growth-restricted human
pregnancies. J Clin Endocrinol Metab 88: 4488–4495.
11. Mortimer RH, Galligan JP, Cannell GR, Addison RS, Roberts MS (1996)
Maternal to fetal thyroxine transmission in the human term placenta is limited
by inner ring deiodination. J Clin Endocrinol Metab 81: 2247–2249.
12. Friesema EC, Ganguly S, Abdalla A, Manning Fox JE, Halestrap AP, et al.
(2003) Identification of monocarboxylate transporter 8 as a specific thyroid
hormone transporter. J Biol Chem 278: 40128–40135.
13. Friesema EC, Kuiper GG, Jansen J, Visser TJ, Kester MH (2006) Thyroid
hormone transport by the human monocarboxylate transporter 8 and its rate-
limiting role in intracellular metabolism. Mol Endocrinol 20: 2761–2772.
14. Lafreniere RG, Carrel L, Willard HF (1994) A novel transmembrane transporter
encoded by the XPCT gene in Xq13.2. Hum Mol Genet 3: 1133–1139.
15. Price NT, Jackson VN, Halestrap AP (1998) Cloning and sequencing of four
new mammalian monocarboxylate transporter (MCT) homologues confirms the
existence of a transporter family with an ancient past. Biochem J 329 (Pt 2): 321–
328.
16. Friesema EC, Visser WE, Visser TJ (2010) Genetics and phenomics of thyroid
hormone transport by MCT8. Mol Cell Endocrinol 322: 107–113.
17. Dumitrescu AM, Liao XH, Best TB, Brockmann K, Refetoff S (2004) A novel
syndrome combining thyroid and neurological abnormalities is associated with
MCT8 Effect in Placenta
PLOS ONE | www.plosone.org 13 June 2013 | Volume 8 | Issue 6 | e65402
mutations in a monocarboxylate transporter gene. Am J Hum Genet 74: 168–
175.
18. Friesema EC, Grueters A, Biebermann H, Krude H, von Moers A, et al. (2004)
Association between mutations in a thyroid hormone transporter and severe X-
linked psychomotor retardation. Lancet 364: 1435–1437.
19. Schwartz CE, May MM, Carpenter NJ, Rogers RC, Martin J, et al. (2005)
Allan-Herndon-Dudley syndrome and the monocarboxylate transporter 8
(MCT8) gene. Am J Hum Genet 77: 41–53.
20. Heuer H, Visser TJ (2009) Minireview: Pathophysiological importance of
thyroid hormone transporters. Endocrinology 150: 1078–1083.
21. Dumitrescu AM, Liao XH, Weiss RE, Millen K, Refetoff S (2006) Tissue-
specific thyroid hormone deprivation and excess in monocarboxylate transporter
(mct) 8-deficient mice. Endocrinology 147: 4036–4043.
22. Trajkovic M, Visser TJ, Mittag J, Horn S, Lukas J, et al. (2007) Abnormal
thyroid hormone metabolism in mice lacking the monocarboxylate transporter
8. J Clin Invest 117: 627–635.
23. Chan SY, Franklyn JA, Pemberton HN, Bulmer JN, Visser TJ, et al. (2006)
Monocarboxylate transporter 8 expression in the human placenta: the effects of
severe intrauterine growth restriction. J Endocrinol 189: 465–471.
24. Vasilopoulou E, Loubiere LS, Martin-Santos A, McCabe CJ, Franklyn JA, et al.
(2010) Differential triiodothyronine responsiveness and transport by human
cytotrophoblasts from normal and growth-restricted pregnancies. J Clin
Endocrinol Metab 95: 4762–4770.
25. Oki N, Matsuo H, Nakago S, Murakoshi H, Laoag-Fernandez JB, et al. (2004)
Effects of 3,5,39-triiodothyronine on the invasive potential and the expression of
integrins and matrix metalloproteinases in cultured early placental extravillous
trophoblasts. J Clin Endocrinol Metab 89: 5213–5221.
26. Laoag-Fernandez JB, Matsuo H, Murakoshi H, Hamada AL, Tsang BK, et al.
(2004) 3,5,39-Triiodothyronine down-regulates Fas and Fas ligand expression
and suppresses caspase-3 and poly (adenosine 59-diphosphate-ribose) polymerase
cleavage and apoptosis in early placental extravillous trophoblasts in vitro. J Clin
Endocrinol Metab 89: 4069–4077.
27. Matsuo H, Maruo T, Murata K, Mochizuki M (1993) Human early placental
trophoblasts produce an epidermal growth factor-like substance in synergy with
thyroid hormone. Acta Endocrinol (Copenh) 128: 225–229.
28. Lash GE, Naruse K, Innes BA, Robson SC, Searle RF, et al. (2010) Secretion of
angiogenic growth factors by villous cytotrophoblast and extravillous trophoblast
in early human pregnancy. Placenta 31: 545–548.
29. Cartwright JE, Holden DP, Whitley GS (1999) Hepatocyte growth factor
regulates human trophoblast motility and invasion: a role for nitric oxide.
Br J Pharmacol 128: 181–189.
30. Greenwood SL, Clarson LH, Sides MK, Sibley CP (1996) Membrane potential
difference and intracellular cation concentrations in human placental tropho-
blast cells in culture. J Physiol 492 (Pt 3): 629–640.
31. Kliman HJ, Nestler JE, Sermasi E, Sanger JM, Strauss JF 3rd (1986)
Purification, characterization, and in vitro differentiation of cytotrophoblasts
from human term placentae. Endocrinology 118: 1567–1582.
32. James SR, Franklyn JA, Reaves BJ, Smith VE, Chan SY, et al. (2009)
Monocarboxylate transporter 8 in neuronal cell growth. Endocrinology 150:
1961–1969.
33. Suzuki S, Mori J, Hashizume K (2007) mu-crystallin, a NADPH-dependent
T(3)-binding protein in cytosol. Trends Endocrinol Metab 18: 286–289.
34. Vie MP, Evrard C, Osty J, Breton-Gilet A, Blanchet P, et al. (1997) Purification,
molecular cloning, and functional expression of the human nicodinamide-
adenine dinucleotide phosphate-regulated thyroid hormone-binding protein.
Mol Endocrinol 11: 1728–1736.
35. Dash PR, McCormick J, Thomson MJ, Johnstone AP, Cartwright JE, et al.
(2007) Fas ligand-induced apoptosis is regulated by nitric oxide through the
inhibition of fas receptor clustering and the nitrosylation of protein kinase
Cepsilon. Exp Cell Res 313: 3421–3431.
36. Coan PM, Ferguson-Smith AC, Burton GJ (2004) Developmental dynamics of
the definitive mouse placenta assessed by stereology. Biol Reprod 70: 1806–
1813.
37. Laga EM, Driscoll SG, Munro HN (1973) Quantitative studies of human
placenta. I. Morphometry. Biol Neonate 23: 231–259.
38. Reyns GE, Janssens KA, Buyse J, Kuhn ER, Darras VM (2002) Changes in
thyroid hormone levels in chicken liver during fasting and refeeding. Comp
Biochem Physiol B Biochem Mol Biol 132: 239–245.
39. Koopdonk-Kool JM, de Vijlder JJ, Veenboer GJ, Ris-Stalpers C, Kok JH, et al.
(1996) Type II and type III deiodinase activity in human placenta as a function
of gestational age. J Clin Endocrinol Metab 81: 2154–2158.
40. Kinne A, Roth S, Biebermann H, Kohrle J, Gruters A, et al. (2009) Surface
translocation and tri-iodothyronine uptake of mutant MCT8 proteins are cell
type-dependent. J Mol Endocrinol 43: 263–271.
41. Friesema EC, Docter R, Moerings EP, Verrey F, Krenning EP, et al. (2001)
Thyroid hormone transport by the heterodimeric human system L amino acid
transporter. Endocrinology 142: 4339–4348.
42. Fujiwara K, Adachi H, Nishio T, Unno M, Tokui T, et al. (2001) Identification
of thyroid hormone transporters in humans: different molecules are involved in a
tissue-specific manner. Endocrinology 142: 2005–2012.
43. Friesema EC, Jansen J, Jachtenberg JW, Visser WE, Kester MH, et al. (2008)
Effective cellular uptake and efflux of thyroid hormone by human mono-
carboxylate transporter 10. Mol Endocrinol 22: 1357–1369.
44. Trajkovic-Arsic M, Visser TJ, Darras VM, Friesema EC, Schlott B, et al. (2009)
Consequences of Monocarboxylate Transporter 8 Deficiency for Renal
Transport and Metabolism of Thyroid Hormones in Mice. Endocrinology
151: 802–809.
45. Emerson CH, Bambini G, Alex S, Castro MI, Roti E, et al. (1988) The effect of
thyroid dysfunction and fasting on placenta inner ring deiodinase activity in the
rat. Endocrinology 122: 809–816.
46. Hamilton GS, Lysiak JJ, Han VK, Lala PK (1998) Autocrine-paracrine
regulation of human trophoblast invasiveness by insulin-like growth factor (IGF)-
II and IGF-binding protein (IGFBP)-1. Exp Cell Res 244: 147–156.
47. Visser WE, Friesema EC, Visser TJ (2010) Minireview: thyroid hormone
transporters: the knowns and the unknowns. Mol Endocrinol 25: 1–14.
48. Wirth EK, Sheu SY, Chiu-Ugalde J, Sapin R, Klein MO, et al. (2011)
Monocarboxylate transporter 8 deficiency: altered thyroid morphology and
persistent high triiodothyronine/thyroxine ratio after thyroidectomy.
Eur J Endocrinol 165: 555–561.
49. Kinne A, Kleinau G, Hoefig CS, Gruters A, Kohrle J, et al. (2010) Essential
molecular determinants for thyroid hormone transport and first structural
implications for monocarboxylate transporter 8. J Biol Chem 285: 28054–28063.
50. Coan PM, Angiolini E, Sandovici I, Burton GJ, Constancia M, et al. (2008)
Adaptations in placental nutrient transfer capacity to meet fetal growth demands
depend on placental size in mice. J Physiol 586: 4567–4576.
51. Angiolini E, Fowden A, Coan P, Sandovici I, Smith P, et al. (2006) Regulation of
placental efficiency for nutrient transport by imprinted genes. Placenta 27
Suppl A: S98–102.
52. Fowden AL, Sferruzzi-Perri AN, Coan PM, Constancia M, Burton GJ (2009)
Placental efficiency and adaptation: endocrine regulation. J Physiol 587: 3459–
3472.
MCT8 Effect in Placenta
PLOS ONE | www.plosone.org 14 June 2013 | Volume 8 | Issue 6 | e65402
